growth and environmental quality in a multi-regional and global context. The model includes regional and interregional economic relationships such as production, consumption and trade, as well as interaction between the quality of local environments and the global environment.
This adds a new dimension to single region growth models which cannot make a distinction between local and global systems.
The relationship between environmental quality and spatial economic processes is extremely important, but has until now not received very much focused attention from either regional or environmental economics (see Siebert (1985 and 1987) ). There are, however, a number of traditional economic themes that indirectly relate to it; firms' choice of location having an impact on spatial environmental quality (e. g., Markusen et al. (1993) ); inter regional and international trade affecting production and consumption related externalities (e. g., Anderson and Blackhurst (1992) ); international coordination and negotiation in environmental policy planning, dealing with foreign trade, global environmental issues and transboundary pollution problems (e. g., Klaassen (1995) ). Most spatial economic approaches adopt a discrete spatial perspective, using countries, regions or grid systems, and usually go along with a higher level of aggregation than in, for instance, physical geography and ecology (Klijn (1994) ). Consideration of patterns of vegetation cover and economic use of land is essential to assess the environmental impacts of economic activity in general on the quality of the natural environment as well as its long term sustainability. Both in terms of localized and global interactions between economies and environmental resources insight must be obtained about the spatial overlap or closeness of economic amd environmental systems.
Environmental economics has devoted relatively little attention to this perspective, and has focused on homogeneous or discrete space, often even narrowed down to a single point. In the context of particular sectors, such as agriculture and forestry, some attention has been given to spatial issues. With respect to agriculture diffuse pollution is much studied at the moment. Here, analytical approaches focus on information asymmetry and dynamic uncer tainty (see Russell and Shogren (1993); and Dosi and Tomasi (1994) ), while empirical studies deal mostly with spatial dispersion of pollution and land use scenarios, based, for instance, on Geographic Information Systems (e. g., Despotakis (1991) ), and sometimes combined with multicriteria evaluation (e. g., Herwijnen et al. (1993); Beinat (1995) ). Such methods have also been used to relate land use to landscape ecology (Maxell and Costanza (1994) ). Land use has also implications for urban environmental quality and long run sustainability. On the receptor side of emissions land cover is important in terms of sensitivity of vegetation and potential effects of deposition of harmful substances such as sulfur. This has been approa ched by models with detailed information about spatial distribution of vegetation, soils and waters (e. g., Alcamo et al. (1990) ).
The economic perspective is particularly relevant in sofar as it can shed light on the (1996) . The present paper adds a dynamic dimension to this, focusing on the interaction between interregional trade, economic growth and spatial and environmental dynamics and sustainability.
In the next section the modelling of the interdependence between environmen tal sustainability on a regional scale and regional economic growth is discussed in more depth.
In Section 3 a model is presented that represents a two-region system, with trading economies, local environments and a global environment. The potential conflict between environmental quality and economic growth is a topic which has attracted a lot of interest and generated much debate among economic growth theorists. For instance, neoclassical economic growth theory has frequently been applied to issues of renewable resource limits, long run pollution effects and sometimes even to a combination of these (see Kuuluvainen (1991 and ). Resulting analyses have focused on the role of substitution between man-made capital and natural resources materials in production, technological improvements in materials efficiency of production, and backstop technologies (see Dasgupta and Heal (1979) ). The issue of sustainability has also been explicitly treated, although there is no agreement as to its theoretical interpreta tions (see, e. g., Toman et al. (1994) ). Conservation-preservationist's and exploitationist's views are linked to the distinction between strong and weak sustainability (Pearce and Turner (1990) ), with the Hartwick rule of investing resource rents in man-made capital as an extreme case of the latter (Hartwick (1977) ). Modern growth theory has also been applied to environmental issues and sustainability (see Gradus and Smulders (1993); Bovenberg and Smulders (1994) Smulders (1994) ) and in more "applied" long-run models of climate change economics (Nordhaus (1991 and ). All these models do not simultaneously address spatial disaggregation, interregional trade and interaction between local and global environ mental quality. The focus in the economic models nowadays is usually on endogenous technology and knowledge formation, mixing such positive externalities with nagative environmental externalities, and arriving at more optimistic conclusions than in neoclassical growth models with exogenous technology. The influence of pollution and preferences on thchnology choice is important in this respect. These results are often stated against conclusions obtained with global "limits to growth" models (Meadows et al. (1972 and ).
These lack advanced technology, price mechanisms, producers' and consumers' behaviour, and interregional trade submodels, and have therefore been heavily attacked by economists (e. g., Nordhaus (1973 and ). Alternative approaches to the relationship between technol ogy, growth and environment have stressed its evolutionary character (e. g., Faber and Proops (1990); Erdman (1993) ). Whereas economists have been much concerned with the trade-off between economic (Pareto) efficiency and environmental sustainability, several other approaches focus on controllability (Perrings (1991) ) and stability, the latter often based on ecological theory or metaphors (Rolling (1986 and ). Common and Perrings (1992) provide an interesting and systematic comparison.
The issues of regional and spatial sustainability have attracted relatively little attention, except maybe in the context of urban systems (Breheny (1992) ; Nijkamp and Perrels (1994) ). One approach is to consider regions as open systems, both in terms of economic and environmental processes (e. g. Van den Bergh and Nijkamp (1991) ). This has also been pursued in various in depth case studies (see Van den Bergh and Nijkamp (1994) ). The other approach is to deal with multi-regional systems.
Regional economics provides a rich perspective for theory regarding multi-regional dynamics (Anderson and Kuenne (1986) ).
Spatial price equilibrium theory has also been applied to questions of sustainability, mainly rlated to allocation issues in a spatial context (see Verhoef and Van den Bergh (1995) ). More complex, but also theoretically more refined, are spatial general equilibrium models (Boson (1994) ). Incorporating dynamics in such models is however a very difficult task. Finally, game theoretic models may be used to deal with specific questions of policy coordination (Van der Ploeg and De Zeeuw (1992) ).
The approach adopted here to study economic growth and spatial environmental sus tainability starts from the conception that spatial sustainability is a complex issue which can only be dealt with to its full extent in two or multi-regional settings. Continuous spatial analysis may also be useful, but requires different and more tedious modelling, and would furthermore be less suitable for treating economic growth issues. In a multi-regional setting, Element (ii) may be referred to as "importing sustainability at the cost of unsustainability elsewhere". Elements (ii) and (iv) may be called "exporting unsustainability". Eelement (v) in combination with the dependence of regional production on regional environmental quality allows one to study the issue of spatial (interregional) environmental externalities. 
Production
Our specification of production relationships is very straightforward. Each region uses two regional inputs to produce output Qi. The regional environment is one input (Ei), i.e. it acts as a production condition, and the other input represents an aggregate of capital and labour (Ki). The environmental inputs are externalities, as they cannot be directly chosen or influenced by the producers.
where a1+a2_??_1. It is further assumed that the commodities represented by Qi (i=1, 2) are different. This is formalized in the model by including consumption of each in the welfare function. As a result, trade between the two regions may develop.
In order to allow for eddogenous formation of trade patterns, regional production prices (Pi) are determined per unit of output, based on the costs of the two inputs. The price of captital is chosen as the numeraire, while the price of resource materials (Ri) is only positive when subject to environmental taxation (ti). The latter assumes that the use of nanural resource meterials is unpriced in a situation without environmental regulation. This may not hold for all types of resources, but is just chosen for illustrative purposes.
The MAX function is merely included to assure that the denominator is unequal to zero and prices are bounded from above.
Consumption and trade
In order to derive trade and consumption patterns, the following assumptions are made (i) Markets do clear; in other words, production in each region is equal to total demand, comprising domestic consumption, export, investments (Ii) and research and development (IR&D, 1). The latter is assumed to only occur in region 1, which may be regarded as a differential advantage, and is done so to be able to study spatial technological diffusion later on. Note that each country uses only its own output as an investment good, which may be realistic only for certain types of goods, or reflects independence or differences in develop ment stages between countries. Later, technological diffusion is included to allow for more interaction in this respect on a level of knowledge exchange. Cii denotes the domestic consumption of commodity 1, i.e. produced in region i. Cij is the import by region i of 
C11=o1C12,
C21=P2C12/P1,
C22=Q2-I2-C12.
Technology
Only region 1 is assumed to perform research and development. This may be interpreted as region 1 being a more developed region, which contributes significantly more to technological progress than the other region. The state of technology (T) in region 1 is improved by research and development (I R&D,1), in the following straightforward way.
dT/dt=IR&D,1, T(0)=0.
Technological progress reaches region 2 through diffusion (Td) with a certain time delay. This is set equal to 4 periods since its value is not essential, only that there is such a phenomenon. dd is a dummy variable indicating the rate of diffusion. Because of the time delay a historical pattern is necessary as an initial condition.
Td(t)=ddT(t-4),Td(s)=0,s=1,2,3.
The development of technology allows for more efficient resource use in production with an upper limit, as follows.
R1=.585(Q18((T+100)/(4T+100)),
R2=.585Q28((Td+100)/(4Td+100)).
Parameter values were calibrated so as to generate realistic patterns.
1 Note that combining equations (4) and (6) leads to the identity; P1Q1=P1C11+P2C12+P1I1+P1IR&D,1
This may be regarded as a balanced budget relation (income=outlays) for region 1. An analogous result holds for region 2.
Growth
Growth in both regions occurs via investment in the actors stock K, covering both physical capital and labour.
dKi/dt=Ii-Di(Ki),Ki(0)=100.
Investment is considered a regional activity, and is restricted from above by regional production. When not limited, investment is at least equal to depreciation (Di), in which case the stock of actors remains constant. In the scenarios studied in the following section an ex ante net growth rate g is considered, the value of which is set equal to 3%. The reason for this was given at the opening of this section. The function MIN will translate this into an identical ex post growth rate as long as sufficient output is produced. Ii =MIN(Qi ,Di(Ki)+gKi). 
Simulation Results
In our simulation experiments we will in particular investigate the implications of different scenarios. The above model allows for a great number of scenarios to be studied.
Each of these represents then a specific combinations of values for all paremeter and initial state variables.
Recognizing this large potential of choices, the following six scenarios are considered in detail :
1. A symmetric economic system, i.e. identical production functions for both regional economies: ai=bi=0.5, i=1, 2.
1. a. Ex ante net growth equals 3%:g=0.03.
1. b. As 1. a, and with positive research and development:IR&D,1= 5.
1. c. As 1. a, and with environmental taxation:t1= 20.
2. An asymmetrical economic system: a1=b2=0.2, b1=a2=0.8.
2. a. Ex ante net growth equals 3%:g=0.03.
2. b. As 2. a, and with positive research and development:IR&D,1= 5.
2. c. As 2. a, and with technology diffusion:dd=1.
Ad 1. a. Plain growth in a homogeneous world
From Figure 1 one can see the homogeneity of the regions in the identical patterns of actors (Ki) and production (Prodi). The ex ante growth rate of 3% of actors initially translates into an identical ex post growth, but after time period 18 production starts to decrease until it becomes zero. When production is very low, investment (Ii) decreases until it becomes zero, and the stock of actors starts to decrease. Note that the increase in capital does not translate into an increase of production. The reason for this is that the environmental input in Figure 1 . Scenario 1. a: Actors (Ki) and production (Qi=Prodi).
production, as a result of resource extraction, decreases in quality. This is shown in Figure   2 , where, again, the homogeneity of the regions can be seen from the identical patterns for regional environmental quality, implying the same pattern for the global environment. The homogeneity also means that the trade and consumption patterns are symmetric. This is shown in Figure 3 .
Ad 1. b. Environmental technology in a homogeneous world
With fixed investment in environmental technology in region 1(IR&D,1), interregional differen tial impacts are found in our spatial economic system. Comparing Figure 4 with Figure 1 shows that this strategy has positive impacts on the production in both regions, although clearly less so in region 2. Considering Figure 5 , one can observe that the environmental quality in region 1 is improved relative to the initial position, whereas it is deterioating in region 2. The global environment is better off than under scenario 1. a., and even improves initially. A comparison between Figures 2 and 5 shows that now the environment in region 2 is better off as well. Because of the technology strategy in region 1, its initial welfare is lower than in region 2, as is shown in Figure 6 . However, after time period 12 the positions are reversed, and a maximum difference is reached in time period 38. Finally, Figure 7 shows that the trade pattern is asymmetric and much more irregular now. Domestic consumption of commodity 2 (C22) is decreasing from time 0 on, and is substituted by importing commodity 1(C21). This is the consequence of changes in relative prices of the commodities, as shown The introduction of an environmental tax (t1) on the use of natural resource materials in the production in region 1 means that the relative prices of commodities are affected (Figure 9 ).
However, since it does not affect the resource efficiency of materials inputs, and since there is no alternative way of producing, the dynamic effects are missing. The only effect here is a shift of income and welfare (Figure 10 ), via changes in trade ( Figure 11 ). This is all based, Ad 2. a. Plain growth in a heterogeneous world
In this and the following two scenarios the starting point is a heterogeneous system of regions with regard to the production structure. This is formalized by reciprocal sets of elasticity of substitution coefficients in the Cobb-Douglas production functions. This is reflected by the patterns in Figure 12 , where region 1 is less able to increase its production than region 2.
Therefore is uses less resources and causes less environmental damage, and can longer sustain its local environment than region 2. This is reflected by relative prices in Figure 13 , where initially region 2 has a price advantage, since it can produce more with a certain van den Bergh and Nijkamp Here the furthering of sustainability in region 2 is not only occurring via the mechanism outlined above, but also via diffusion of technology. Region 2 is supposed to catch up, with a four-year delay, with the technology of region 1. In Figure 14 the difference between the two scenarios for the environmental quality in region 2 is shown. Resource materials can now be used increasingly more efficiently in region 2 as well. The differential effect over time on the global environment is shown in Figure 15 , and for region 1's environment in Figure 16 . fact that it profits from the diffusion of technology, without having to pay for it, as opposed to region 1, where the beneficial effect is without delay, but also at the cost of sacrificing scarce output.
Conclusions and Further Research
The of economic growth, given technological progress and diffusion, and environmental taxation.
Many issues have not been dealt with yet, but can easily be included here. Furthermore, the evaluation of the different outcomes is a separate task, in which one can play around with different objectives, for instance, allowing for concern for future generations, or adopting a planner's perspective, concerned with maximization of some social welfare function, includ ing externalities. One has to notice, however, that the problem of choosing a social evalua tion criterion is even more complicated here than in a non-spatial setting, which is caused by the fact that one has to undertake then also an aggregation of regional variables, in particular welfare. 
